The high molecular weight (HMW) glutenin-encoding genes in wheat are developmentally activated in the endosperm at about 8 days after anthesis. We have investigated the physical changes that occur in these genes in two transgenic lines containing about 20 and 50 copies each of the HMW glutenin genes together with their promoters. Using fluorescence in-situ hybridisation (FISH) and confocal imaging, we demonstrate that, in nonexpressing tissue, each transgene locus consists of one or two highly condensed sites, which decondense into many foci upon activation of transcription in endosperm nuclei. Initiation of transcription can precede decondensation but not vice versa. We show that, in one of the lines, cytoplasmic transcript levels are high after onset of transcription but disappear by 14 days after anthesis, whereas small interfering RNAs, which indicate post-transcriptional gene silencing (PTGS), are detected at this stage. However, the transcript levels remain high at the transcription sites, most of the transgene copies are transcriptionally active and transcriptional activity in the nucleus ceases only with cell death at the end of endosperm development.
Introduction
In recent years, several studies using mammalian cell cultures have shown that chromatin decondenses when it becomes transcriptionally active. Using the lac operator-repressor interaction, Tumbar et al. (Tumbar et al., 1999) showed that targeting of the acidic activation domain of the herpes simplex virus transcriptional activator VP16 to specific chromosomal sites resulted in the unfolding of the sites and their transcriptional activation. Tsukamoto et al. (Tsukamoto et al., 2000) made use of the same lac operator-repressor sequence in a different environment and hormonally induced chromatin decondensation at the transgene locus. Müller et al. (Müller et al., 2001) reported different degrees of decondensation depending on the level of transcription of their reporter genes after the activation of the mouse mammary tumour virus promoter by its cognate transcription factor. In plants, two studies of Arabidopsis have recently shown decondensation of a previously hypermethylated and silenced transgene locus in the background of a decrease in DNA methylation1 (ddm1) mutant and looping out of a proportion of the ribosomal DNA (rDNA) loci correlated with an overall increase in rDNA transcript in the leaves of developing seedlings (Mathieu et al., 2003; Probst et al., 2003) . In mammalian cell cultures, highly transcribed chromosomal regions have been found to extend away from chromosomal territories when they become transcriptionally active, which seems to be the result of chromatin decondensation over one to several megabases (Volpi et al., 2000; Williams et al., 2002) , and looping out of genes from the chromosome territory has also recently been reported for a gene cluster of 90 kb (Chambeyron and Bickmore, 2004) . Transcript at the site of transcription has been localized in various animal and human cell lines (Xing et al., 1993; Dirks et al., 1995; Custódio et al., 1999; Tsukamoto et al., 2000; Müller et al., 2001) . Different patterns of the main RNA signal inside the nucleus were observed, ranging from dots to elongated dots and tracks. In plants, only ribosomal RNAs have previously been located with their gene loci (Highett et al., 1993; González-Melendi et al., 2001) .
We have used the activation of storage protein expression in a transgenic bread-wheat line to study changes in the physical organization of a transgene locus upon transcriptional activation. One group of these proteins are the high molecular weight (HMW) subunits of the glutenins, which account for up to 12% of the total grain protein content and are only expressed in the endosperm of developing wheat grain (for a review, see Shewry et al., 2003) . HMW-glutenin-encoding genes are located on the long arms of chromosomes 1A, 1B and 1D. Each locus contains two genes. One of the six genes is always silenced, and cultivated wheat expresses three to five genes, depending on the variety (Shewry et al., 2003) . The HMW subunits are activated about 8 days post anthesis (dpa) and the transcripts disappear between 36 dpa and 38 dpa (Altenbach et al., 2002) . Previously, wheat genomic clones encoding the HMW glutenin subunits 1Ax1 and 1Dx5 (GenBank accession numbers: glu-1Ax1, X61009; glu-1D-1b, X12928 ; the genes will be referred to hereafter as 1Ax1 and 1Dx5), together with their promoter regions, had been introduced into the commercial wheat cultivar Federal, which expresses the endogenous subunits 1Ax2*, 1Bx7, 1By9, 1Dx5 and 1Dy10. Two of the resulting transgenic lines, containing an estimated 20 copies (line E) and 50 copies (line F) of the transgenes, were substantially silenced, resulting in a 60% (line F) to 90% (line E) reduction in total HMW glutenin protein compared with the wild type (Alvarez et al., 2000) .
Two types of silencing are known: transcriptional gene silencing (TGS) and post-transcriptional gene silencing (PTGS). TGS usually occurs via methylation of promoter sequences, which causes transcription to cease. PTGS is characterized by ongoing transcription, subsequent transcript degradation and the appearance of small interfering RNAs (siRNAs) of 21-25 bp (Hamilton and Baulcombe, 1999; Zamore et al., 2000) , which are produced by a doublestranded-RNA-specific endonuclease (Dicer) that was first detected in Drosophila . Dicer-like enzyme activity has also been found in wheat-germ extract (Tang et al., 2003) . siRNAs can guide heterochromatin formation and therefore TGS through RNA-directed methylation of homologous DNA and through methylation of histone H3 at lysine 9 (Matzke et al., 2001; Finnegan and Matzke, 2003; Schramke and Allshire, 2003) .
Here, we show that the transgene loci in both line E and line F are visible as condensed foci in tissues in which they are not transcriptionally active and decondense in transcriptionally active tissue. A detailed analysis of line E reveals that decondensation starts upon transcriptional activation in the endosperm at 8 dpa, although the onset of transcription can precede any visible decondensation. The great majority of the transgene copies are transcriptionally active, and transcriptional activity in the nucleus ceases only with cell death at the end of endosperm development. We also show that the transcript is absent from the cytoplasm by 14 dpa, whereas siRNAs can be detected in RNA extracts from seeds of the same age, indicating that the silencing mechanism is PTGS. Transcripts at the loci remain high throughout the silenced period.
Materials and Methods

Plant material
Triticum aestivum L., cv Pro INTA Federal and the transgenic lines E and F, which had been generated from Federal by particle bombardment (Alvarez et al., 2000) , were used for the experiments. The following plasmids had been used in equimolar concentrations for the transformation: pHMW1Dx5 , containing the complete coding sequence of the 1Dx5 gene; pHMW1Ax1 (Halford et al., 1992) , containing the complete coding sequence of the 1Ax1 gene; and pAHC25 (Christensen and Quail, 1996) , containing the BAR resistance gene and the GUS marker gene. Lines E and F contain ~20 and ~50 copies, respectively, of pHMW1Ax1 and pHMW1Dx5. All plants were homozygous.
Preparation of wheat roots for FISH analysis in metaphase spreads and root sections Seeds were germinated in a Petri dish lined with wet filter paper for 3 days and root tips approximately 5 mm long were excised. Metaphase spreads and tissue sections for the analysis of interphase nuclei were prepared according to Abranches et al. (Abranches et al., 2000) , including pretreatments for in situ hybridization. The protocol included RNase A treatment to remove transcript.
Preparation of wheat seeds for sectioning
Wheat plants were grown in a controlled environment room (15°C, 16 hours light / 8 hours dark photoperiod, 70% humidity). For preparation of tissue sections, immature seeds were harvested at different time points and fixed for 6 hours in 4% (w/v) formaldehyde in PEM (50 mM PIPES, 5 mM EGTA, 5 mM MgSO 4 , pH 6.9). For wax sectioning, seeds were fixed as above and embedded in wax in a Sakura Tissue-Tek Vacuum Infiltration Processor (Bayer Diagnostics, Newbury, UK) using the manufacturer's recommended protocol. For unembedded vibratome sectioning, fixed seeds were dehydrated through an ethanol:water series (10%, 20%, 40%, 60%, 80% and absolute ethanol for 4-12 hours per step) and stored in absolute ethanol at 4°C before sectioning.
Seed sections 30 µm wax sections from embedded seeds were cut on a Leica RM2055 microtome (Leica, Nussloch, Germany). Sections were allowed to dry on poly-L-lysine-coated slides (BDH). 100 µm sections from unembedded seeds were prepared under absolute ethanol using a Vibratome Series 1000plus (TAAB Laboratories Equipment, Aldermaston, UK) and rehydrated in water. Wax sections from embedded seeds for RNA in situ hybridization were pretreated according to Jackson (Jackson, 1991) with the following modifications: histoclear treatments were for 30 minutes each and no NaCl was included in the ethanol series. Also, before the pronase treatment, the sections were treated with 2% (w/v) Onozuka R10 cellulase (Yakult Pharmaceutical, Tokyo, Japan) in TBS (10 mM Tris, 140 mM NaCl, pH 7.4) for 30 minutes at room temperature. The final fixation step was omitted. After histoclear treatment and rehydration, wax sections for DNA FISH were treated by incubation with cellulase for 1 hour and washed in TBS for 10 minutes. The slides were then incubated in 0.1 mg ml -1 RNase A (Sigma) in 2× SSC (300 mM NaCl, 30 mM tri-sodium citrate) for 1 hour at 37°C before another wash in TBS. After dehydration in an ethanol:water series (70% and absolute ethanol), the slides were air dried. Sections from unembedded seeds were treated with cellulase for 1 hour like the wax sections, followed by RNase treatment when transcript detection was not required.
Probes and in situ hybridization
Probes were made from the same plasmids that had been used for the transformation (Alvarez et al., 2000) : pHMW1Dx5 , containing an 8.7-kb EcoRI genomic fragment including the complete coding sequence of the 1Dx5 gene (Anderson et al., 1989) , flanked by approximately 3.8 kb and 2.2 kb of 5′ and 3′ sequences, respectively; pHMW1Ax1 (Halford et al., 1992 ) containing a 7.0-kb EcoRI fragment including the complete coding sequence of the 1Ax1 gene, flanked by approximately 2.2 kb and 2.1 kb of 5′ and 3′ sequences, respectively. For chromosome spreads, probes were made by nick translation of the EcoRI fragments of both genes labelled with digoxigenin-11-dUTP (Roche) and of PUC19 labelled with biotin-16-dUTP (Roche). For labelling of the locus on its own in sections, probes were prepared by nick translation of pHMW1Dx5 and pHMW1Ax1 labelled with digoxigenin-11-dUTP or biotin-16-dUTP. For the RNA time-course experiment, digoxigenin-11-UTP labelled sense and antisense probes were prepared by in vitro transcription of the 2.5-kb coding region of the 1Ax1 gene amplified using the polymerase chain reaction (PCR; forward primer, 5′-TACGATTA-ACCCTCACTAAAGGAGATGACTAAGCGGTTGGTTC-3′; reverse primer, 5′-TACGAATACGACTCACTATAGGAGCTGCAGAGAGT-TCTATCAC-3′; both with overhanging primers for T3 polymerase and T7 polymerase, respectively). Biotin-16-UTP-labelled probes using the same primers were prepared for transcript detection in double-labelling experiments. In the same experiments, the loci were detected by digoxigenin-11-UTP-labelled sense and antisense probes prepared by in-vitro transcription of the PCR-amplified vector and gene flanking sequences of the 1Ax1 and 1Dx5 genes, with the sizes described above. The following primer pairs were used for PCR: 5′-TACGAATACGACTCACTATAGCGTTTTACAACGTCGTGAC-TGGG-3′ and 5′-TACGATTAACCCTCACTAAAGCCTGTGTGAA-ATTGTTATCCGCT-3′ (vector PUC19); 5′-TACGAATACGACTCACTATAGGTGGACTGTCGGTGAATTG-ATC-3′ and 5′-TACGATTAACCCTCACTAAAGCCCAGTCACGA-CGTTGTAAAACG-3′ (left genomic flank of 1Ax1); 5′-TACGAATACGACTCACTATAGCTTAGGCATGCATGCACCTT-AG-3′ and 5′-TACGATTAACCCTCACTAAAGAGCGGATAACA-ATTTCACACAGG-3′ (right genomic flank of 1Ax1); 5′-TACGAATACGACTCACTATAGCGGTGTTGTGGGTGATGAT-AAG-3′ and 5′-TACGATTAACCCTCACTAAAGCCCAGTCACG-ACGTTGTAAAACG-3′ (left genomic flank of 1Dx5); 5′-TACGAATACGACTCACTATAGGCTTAGGCATGCATGCCTTT-AG-3′ and 5′-TACGATTAACCCTCACTAAAGAGCGGATAACAA-TTTCACACAGG-3′ (right genomic flank of 1Dx5). Fig. 1 illustrates the positions on the plasmids of the probes used for single and double labelling of interphase nuclei. Added on to the forward and reverse primers are the primers for T3 polymerase and T7 polymerase, respectively. 0.5-1.0 µg template was used for the in-vitro transcription reactions and all in-vitro transcription probes were size reduced to an average of 75 bases using alkaline hydrolysis in a 100 mM carbonate buffer (pH 10.2) at 60°C. Approximately 2-4% of each in-vitro transcription reaction was used alone (1Ax1 coding region) or in a probe mixture (flanking sequences and vector) in a total volume of 40 µl per slide in a modified hybridization buffer according to Ingham et al. (Ingham et al., 1985) . All probes were heat denatured and cooled on ice immediately before hybridization. For the detection of the HMWglutenin-encoding genes on metaphase spreads, a mixture of the EcoRI fragments of the 1Ax1 and 1Dx5 genes was used with the combined concentration of 100 ng, and 100 ng PUC19 probe per slide for the identification of the transgene loci. A mixture of pHMW-1Ax1 and pHMW-1Dx5 (200 ng probe per slide) was used for all experiments that did not include transcript detection. FISH on chromosome spreads and sections without transcript detection was performed according to Abranches et al. (Abranches et al., 2000) . The hybridization for the RNA expression time-course was carried out at 50°C overnight. Slides were washed in 2× SSC, 50% formamide at 50°C followed by 1× SSC, 50% formamide at 50°C. For the simultaneous detection of transgene loci and transcript, unembedded sections of wheat seeds were first treated with the avidin-biotin blocking kit (Vector Laboratories, Burlingame, CA) according to the manufacturer's instructions using a biotin blocking step, followed by avidin, followed by biotin to block biotin binding sites in the tissue.
After a final wash in PBS, samples were immediately hybridized with the antisense or sense in-vitro-transcription probe for the coding region of the 1Ax1 gene at 37°C for 7 hours. Post-hybridization washes were carried out in 2× SSC, 50% formamide at 50°C followed by 1× SSC, 50% formamide at 50°C. After a short wash in 2× SSC the slides were fixed for 10 minutes in 4% formaldehyde in PEM followed by three short washes in 2× SSC. They were then immediately hybridized with the probe mixture for the locus detection in a modified Thermocycler (Omnislide; Hybaid, Ashford, UK) with a chromatin-denaturing step at 75°C for 8 minutes and hybridization at 37°C overnight. Post-hybridization washes were carried out using 2× SSC, 50% formamide at 50°C followed by 1× SSC, 50% formamide at 50°C.
Immunodetection of DNA and RNA probes Biotin-labelled probe for chromosome spreads was detected with Extravidin-Cy3 (Sigma). Biotin-labelled probe for the transcript in seed sections was detected with a streptavidin Alexa Fluor ® 633 conjugate (Molecular Probes, Leiden, The Netherlands) to avoid overlap with the emission spectrum of Alexa Fluor 488 used for the locus detection. For all FISH experiments, probes labelled with digoxigenin were detected with a mouse anti-digoxin antibody (Sigma), which also recognises digoxigenin, followed by a secondary goat anti-mouse antibody conjugated to Alexa Fluor 488 (Molecular Probes). Antibodies were diluted in 4× SSC, 0.2% Tween-20 according to the manufacturer's instructions. Antibody incubation was performed in a humid chamber for 1 hour at 37°C followed by three 5-minute washes in 4× SSC, 0.2% Tween-20 at room temperature. Metaphase spreads were counterstained with 6 µg ml -1 4′,6-diamidino-2-phenylindole (DAPI, Sigma) for 10 minutes. Sections were counterstained in 1 µg ml -1 DAPI for 4 minutes (root tips) or 10 minutes (seeds). For the RNA time-course experiments, digoxigeninlabelled probes were detected as described in the instructions for the Roche digoxigenin/nucleic-acid detection kit with modifications according to Coen et al. (Coen et al., 1990) . Alternatively, they were detected with Alexa Fluor 488 and the slides counterstained with DAPI as described above. All slides were mounted in Vectashield (Vector Laboratories).
Image acquisition, analysis and measurements Chromosome spreads and the RNA time-course experiments were analysed with a Nikon E600 microscope. Photographs were either taken on Fujicolor 400 print film and digitized with a Microtek ScanMaker 5 or they were taken on a Nikon Coolpix 990 digital camera. Vibratome tissue sections in FISH experiments were analysed on a Leica TCS SP2 confocal microscope (Leica Microsystems, Heidelberg, Germany) equipped with two argon lasers (351 nm, 363 nm and 457 nm, 488 nm, 514 nm) and two helium/neon lasers (543 nm and 633 nm). The confocal microscopy data were then transferred to ImageJ (W. Rasband, http://rsb.info.nih.gov/ij/). Measurements of nuclear and locus volumes were done as follows. For each section, the extent of fluorescence was determined either by thresholding and using a plug-in for ImageJ called 'voxel counter' (loci) or by tracing the edge of the fluorescent area by hand and measuring the area using one of the program tools (nuclei). Volumes were determined by multiplying the areas by the spacing of the optical sections or by multiplying the number of voxels (volume elements) counted by the voxel volume. We also made linear length measurements of the paths connecting fluorescent foci from the same locus. Although the volume measurements only took fluorescent regions into account, the locus-length measurements included the shortest distance in three dimensions between two fluorescent foci belonging to the same locus and the Fig. 1 . Probes used for locus and transcript detection in interphase nuclei. length of the foci themselves. The non-expressing locus in endosperm, which is often seen as two foci in metaphase chromosomes and therefore contains a large intervening portion of genomic DNA, could be composed of one focus or two at variable distances from each other. Likewise, the decondensed loci were measured in three dimensions from the first focus through to the last within the linear path, including gaps between foci, but this measurement could only be done in nuclei where a clear linear path was discernable. Nuclei at 6 dpa were never found to express the HMW-glutenin-encoding genes and all nuclei at 10 dpa onwards did express them, as judged by transcript labelling. All images were composed using Adobe Photoshop 7.0 (Adobe Systems, Mountain View, CA).
Detection of siRNAs RNA extraction and detection of siRNAs were done according to Hamilton and Baulcombe (Hamilton and Baulcombe, 1999) . The antisense probe for the small RNA gel was prepared by in-vitro transcription of the PCRamplified coding region of 1Ax1 using the primers described above and labelled with α 32 P-UTP (Amersham).
Flow cytometry
Isolated endosperms were chopped with a razor blade and extracted using a two-step disaggregation and DAPI staining kit (CyStain UV Precise P; Partec, Münster, Germany) according to the manufacturer's instructions. The extracts were passed through a 50 µm filter and stored on ice until measurement. The DNA content of nuclei (C value) was measured using a Ploidy Analyser PA-II (Partec) with ultraviolet excitation provided by a mercury arc lamp. For each sample between 6000 and 16,000 nuclei were measured. Nuclei from young wheat leaves were used as a standard to determine the positions of 2C and 4C. The results were presented in histograms in a logarithmic scale to avoid missing peaks of higher C values.
Results
Transgene integration pattern on metaphase chromosomes
The integration pattern of the transgene copies in lines E and F was analysed by FISH on metaphase spreads. The genomic fragments containing 1Ax1 and 1Dx5 were labelled with digoxigenin as probes for the endogenous and transgenic HMW subunits, whereas biotin-labelled vector (pUC19) was used to identify the transgene sites. Both genomic fragments labelled the transgene loci very strongly and hybridized with the endogenous loci strongly enough to just detect them. The vector probe labelled only the transgene integration sites. The FISH results for the two homozygous lines showed two integration sites close together on one chromosome arm in line E (Figs 2, 3) and one large locus and one small locus on two chromosomes in line F (Fig. 3) . Co-hybridization with a probe coding for repetitive sequences from Aegilops squarrosa resulted in a distinct banding pattern for each of the three chromosomes, meaning that the insertions in lines E and F are in different chromosomes (data not shown). The integration sites did not correspond to any of the group 1 chromosomes carrying the endogenous HMW-glutenin-encoding genes (shown for line E in Fig. 2 , data for line F not shown).
Expression-related changes in 3D gene organization I In initial experiments, the three-dimensional (3D) transgene Journal of Cell Science 118 (5) ; visualized using a probe against genomic fragments of 1Ax1 and 1Dx5. Line F contains two chromosomes with transgene loci; visualized using a probe against vector sequence. Tissue sections of line E and F were hybridized with pHMW-1Ax1 and pHMW-1Dx5 to detect the transgene loci in the diploid root (as non-expressing tissue) and in the triploid endosperm at 6 dpa (before the onset of expression) and 13 dpa (after the onset of expression). The image shows projections of serial confocal sections through one layer of nuclei. A blue line is drawn around the edge of each nucleus. The insertion sites in E are visible as one or two foci in root tips and young endosperm, whereas each locus in line F is visible as one focus. In expressing endosperm tissue, the loci in both lines are decondensed into many foci. Bar, 10 µm; section spacing is 0.6 µm.
locus structure in both lines was compared in expressing and non-expressing tissue. Root tips and endosperm at 6 dpa (before the onset of expression) and 13 dpa (after the onset of expression) were hybridized with pHMW-1Ax1 and pHMW1Dx5 following RNase treatment. Root tips were vibratome sectioned without embedding, whereas seeds were wax embedded. In non-expressing root tips, transgene loci were detected as one or two condensed foci per chromosome in line E, whereas the loci in line F appeared as a large focus and a small focus (Fig. 3) . In the triploid endosperm at 6 dpa, three large and three small foci were seen in line F and three to six foci in line E. In expressing endosperm at 13 dpa, the loci in both lines had decondensed into many foci. To quantify the data, we measured the volume occupied by locus fluorescence in nuclei of lines E and F before and well into glutenin expression. Fig. 4 shows that the average increase in locus volume from 6 dpa to 14 dpa is about fourfold in line E and threefold in line F.
When measuring fluorescence, thresholds have to be set to separate signal from background. This can introduce inaccuracies into the resulting volume calculations. In line E, decondensed loci were occasionally observed in a roughly linear path (Fig. 5B ). This enabled us to reduce the measurement of chromatin compaction to one dimension with no need for thresholding. 42 non-expressing loci at 6 dpa were measured, giving an average length of 2.84 µm (±0.73) per locus; this figure is an average over loci with two separated foci and loci that show only a single, fused site. The average over loci where the locus was a single site was 2.17 µm; where there were two sites, the individual sites were correspondingly smaller (1.0-1.5 µm). We defined loci with a length of >10 µm at 14-16 dpa as linearly expanded. The average length of ten of those linear loci was 13.66±3.34 µm. In two nuclei of nearly identical volume (2426 µm 3 and 2412 µm 3 ), a decondensed locus at 16 dpa had a length of 16.25 µm and was 9.3 times as long as a condensed one at 6 dpa with a length of 1.75 µm (Fig.  5) . The decondensed locus spanned more than half the nucleus.
For a detailed analysis of locus decondensation in relation to transcription and gene silencing, we chose line E because it contains two closely linked insertion sites, which will be referred to as the locus below to simplify discussion.
Time course of HMW subunit silencing
In a time-course RNA in-situ hybridization experiment, HMWglutenin expression in the wild-type was compared with that of line E (Fig. 6) . Seeds of line E and the wild type were wax embedded at different developmental stages. 30 µm sections were hybridized with digoxigenin-labelled 1Ax1 antisense probes. The inclusion of a probe for 1Dx5 was not necessary because, in dot blot experiments, the antisense probes for the coding regions of both 1Ax1 and 1Dx5 hybridized equally well with both plasmids (data not shown). Both line E and the wild type started expressing glutenin-encoding mRNA at 8 dpa. The level of mRNA signal seen in line E dropped dramatically at 12 dpa, whereas the level of transcript in the wild type increased steadily and was still high at 20 dpa (data not shown). The same results were obtained by detecting the transcripts with Alexa Fluor 488 instead of the alkaline-phosphatase reaction. In line E, fluorescence in and around the nuclei started in a few single cells. The cytoplasmic transcript signal spread to form sectors of fluorescence without ever comprising the entire endosperm and by 12-14 dpa was reduced again to a few isolated cells, disappearing completely at later stages (data not shown). By contrast, nuclear transcript in line E was detected in every endosperm nucleus 1 or 2 days after the onset of expression and persisted for weeks (Fig. 7) . In the wild type, the entire endosperm was expressing by 10 dpa.
Detection of siRNAs as a marker for PTGS
The early disappearance of cytoplasmic RNA signal in the transgenic line in combination with continuing nuclear transcription suggested PTGS. In order to confirm this, total seed RNA was extracted at 8 dpa, the beginning of HMW- E 6dpa E 14dpa F 6dpa F 14dpa Fig. 4 . Locus decondensation in lines E and F. After hybridization with pHMW-1Ax1 and pHMW-1Dx5 to detect the transgene loci the fluorescent area per optical section was measured in 79 and 18 randomly selected nuclei of lines E and F, respectively, at 6 dpa and in 59 and 18 nuclei of lines E and F, respectively, at 14 dpa. The total number of voxels in the fluorescent region per nucleus was multiplied by the voxel volume and the resulting fluorescent volume is shown on the y-axis. Transcriptionally active locus at 16 dpa in a rarely seen linear conformation. In the straightened chromatin fibres, the complex structure of the locus, which is broken up by genomic sequences, becomes visible. Bar, 10 µm; section spacing is 0.4-0.6 µm.
glutenin expression and, at 14 dpa, after the onset of silencing in line E. The RNA was separated by electrophoresis on a polyacrylamide-urea gel, blotted and hybridized with an antisense probe for the 1Ax1 coding region. At 14 dpa siRNAs indicative of PTGS were detected in the transgenic line (Fig. 8) .
Expression-related changes in 3D gene organization II In order to characterize further the changes in the 3D structure of the transgene loci caused by their activation during endosperm development seeds of line E were harvested at different developmental stages from 6 dpa, before the onset of glutenin expression, through to 37 dpa, just before seed maturation. The wild type was used as a negative control. Seeds were vibratome sectioned without embedding. For transcript detection, sections were hybridized with a biotin-labelled 2.5-kb antisense RNA probe for the coding region of 1Ax1. After fixation and washes, a second hybridization was carried out to detect the loci using the vector and sense and antisense RNA probes for the gene flanking sequences of both clones but not the coding region itself, in order to avoid cross-hybridization with the transcript (Fig. 1) . Because no transcript was detected in tissue at 6 dpa and control experiments using a sense probe showed negligible labelling of the loci (data not shown), we concluded that the antisense probe for the transcript hybridized almost exclusively with the transcript and not with the locus.
Before the onset of expression, each transgene locus was detected as one or two condensed foci (Fig. 9A) . At around 7 dpa, the first few nuclei in the centre of the lobes of the endosperm started showing transcript signal at the transgene loci. At 8 dpa, nuclei transcribing the HMW-glutenin subunits were found in all parts of the endosperm. Generally, all loci within a nucleus were expressing but, occasionally, that was not the case (Fig. 9B) . Expressing loci were condensed or slightly decondensed and both conformations could be found in the same nucleus. No decondensed, nonexpressing loci were seen (Table 1) . At 10 dpa all endosperm nuclei were transcriptionally active and the majority had decondensed loci. At subsequent time points (12 dpa, 14 dpa, 16 dpa and 20 dpa), all nuclei had transcriptionally active, decondensed loci and increasing numbers of larger nuclei were found, which are indicative of endoreduplication events (Fig. 9E,F) . The latest time point investigated was 37 dpa, at which stage the seeds were just about to turn from green to brown. Some nuclei were still expressing, although mostly at lower levels, and showed fully decondensed loci, whereas the chromatin of other nuclei was disintegrating (Fig.  9G,H) . In interphase nuclei of both line E and the wild type, the endogenous loci (which were barely visible on metaphase spreads) were rarely detected. In some experiments, transcript was detected in a few small foci in the wild-type nuclei, which probably represented the endogenous loci (not shown). Colocalization experiments using line F at 13-16 dpa also showed transcript on the transgene loci (data not shown).
For most parts of each locus, double labelling of the transgene DNA and the transcript showed a high degree of coincidence. However, smaller regions of gene label without any or with very faint RNA label were detected right from the beginning of HMW-glutenin-subunit expression (Fig. 9B-F) . This suggests that most of the transgene copies at the locus are transcriptionally active. The transcriptionally inactive regions detected might comprise concatemers of flanking sequences and vector caused by plasmid rearrangements or might contain transcriptionally inactive or truncated transgene copies.
Journal of Cell Science 118 (5) Locus decondensation at the beginning of expression is not linked to endoreduplication in endosperm nuclei Nuclei in the developing wheat endosperm undergo one or two cycles of endoreduplication and an analysis of 97 varieties showed that the proportion of endoreplicated nuclei ranged from 3% to 32%, the most represented class being 12C and the highest value (24C) corresponding to two rounds of endoreduplication (Brunori et al., 1989) . We wanted to know at what stage endoreduplication starts, what proportion of nuclei are affected and whether the observed decondensation of the loci could be, in part, a reflection of endoreduplication. Therefore, flow-cytometric analyses of the DNA content of line E were carried out before and shortly after the onset of HMW-glutenin-subunit expression and at 16 dpa, well into glutenin expression, when the tissue showed a fair number of large nuclei (Fig. 9, Table 2 ). The increase in DNA content at the beginning of transcription was small compared with 2 days earlier and could not account for the increase in focus size and number observed in so many nuclei at these early stages. By 16 dpa, the balance had shifted from a majority of nuclei in G1 to a majority in G2, but still only about 12% of nuclei had completed one round of endoreduplication and none had a higher C content. In nuclei with a DNA content of 12C, one would theoretically expect a maximum of eight foci per locus compared with the maximum of two foci per locus seen in nuclei in G1 phase (3C) before the onset of glutenin expression. The observed number of foci was, however, much higher (Fig. 9) . Therefore, even at 16 dpa, the increased DNA content could only partly contribute to the observed locus size.
Discussion
Transcriptional activation precedes observable locus decondensation
We have studied transcriptionally induced chromatin decondensation in two wheat lines with large, developmentally activated arrays of transgenes that could easily be detected by FISH. The loci contain endogenous genes under the control of their own promoters, which were transferred as genomic clones containing a few kilobases of flanking sequences on either side so that at least the microenvironment is a natural one, even if the chromosomal position and the tandem arrays are not. The fact that decondensation was observed in both lines with transgene insertions into different chromosomes shows that the effect is independent of the surrounding chromatin.
At the beginning of expression, 22% of the transcriptionally active loci in line E were condensed and we therefore conclude that transcriptional activation can precede any significant loosening of the chromatin structure. Similar observations have recently been published for an inducible transgene array in a mammalian cell line, in which an increase in RNA levels preceded noticeable changes in higher-order chromatin structure (Janicki et al., 2004) . The endoreduplication data show that the observed chromatin decondensation upon gene activation is not caused by an increase in ploidy during endosperm development. Further evidence comes from the DNA compaction measurements, in which two nuclei of almost identical volume exhibit very different degrees of locus decondensation. In the example given, the condensed locus was nine times as linearly compacted as the transcriptionally active one. Similar decondensation ratios were reported by Müller et al. (Müller et al., 2001) ,who reported that the 2 Mb MMTV array decondensed from ~0.5 µm to an average of 6 µm and a maximum of 10 µm after hormonal activation. In two hormonally inducible transgene arrays, the first changes in chromatin organization were visible 30 minutes or less after the addition of the activator and the chromatin was fully extended after 2 hours or 4 hours (Tsukamoto et al., 2000; Janicki et al., 2004) . Fully decondensed loci in wheat endosperm were first detected ~1-2 days after the start of transcription. Fig. 7 . Disappearance of cytoplasmic HMW-glutenin-encoding RNA at the onset of silencing. Sections from wax-embedded endosperm of line E were hybridized with an antisense probe for the coding region of 1Ax1 and detected with Cy3 (red). The nuclei were counterstained with DAPI. The images comprise only the nucleus and the cytoplasm immediately around it. (A) 10 dpa. HMW-glutenin-encoding RNA can be seen inside the nucleus and in the cytoplasm around it. (B) 14 dpa. RNA is still visible inside the nucleus, whereas it has disappeared from the cytoplasm. Bar, 10 µm. The analysis of wheat chromosome structure has so far been based on the observation of selectively labelled rye chromosome additions and introgressed rye chromosome arms in wheat roots and anthers, in which chromosomes span the width of the nucleus in flexible, rod-like structures with the two arms of each chromosome close together and centromeres and telomeres located at opposite poles in a Rabl configuration (Abranches et al., 1998; Martínez-Pérez et al., 1999) . We have made essentially the same observations in endosperm (Wegel and Shaw, 2005) . The shape of the active loci in line E was highly variable (Figs 5, 9) and most of the decondensed transgene loci are too big to fit into the structure predicted for wheat chromosomes based on the findings above. If the assumed chromosome shape is correct then the transgene loci must extend beyond it. Using mammalian cell cultures, several groups have produced evidence for chromatin decondensation outside the chromosome territory in regions where densely packed endogenous genes are actively transcribed (Volpi et al., 2000; Mahy et al., 2002; Williams et al., 2002; Chambeyron and Bickmore, 2004) . The same is happening in our highly transcribed and gene-dense locus. A recent extensive mapping study (Erayman et al., 2004) estimated that only 1.2-2.4% of the wheat genome consists of genes and showed that wheat genes are organized into gene-rich regions with a range of one Journal of Cell Science 118 (5) gene per 78-5500 kb. Based on the sequence for selected wheat and barley regions, the authors concluded that gene density might average at one per 10-20 kb when the gene-rich regions were further partitioned (Erayman et al., 2004) . The latter corresponds to the gene density in our transgene locus with 10-12 kb per plasmid and, if the estimates by Erayman et al. are correct, visible decondensation should also occur in gene-rich regions in wheat provided that the genes are transcribed at the same time in the same nucleus. Our results show that, in plants, gene sequences undergo considerable decompaction upon activation. Some of the loci extended in more or less a straight line (Fig. 5) . If they reflect the direction in which the chromosome spans the nucleus they are extended to at least one-third of the total chromosome length.
In summary, this demonstrates that transcription is maintained in very variable 3D chromatin structures in which the chromatin is decondensed beyond the boundaries of the chromosome territory. A chromatin territory therefore seems to be constantly remodelled with the onset and cessation of transcriptional activity. The question remains of whether the chromatin loops that extend away from the chromosomal territory intermingle with other chromosome territories or are found in the interchromatin space. The latter is supported by electron-microscopy studies suggesting that chromosomal territories are mostly separated into non-overlapping spaces surrounded by interchromatin space (Visser and Aten, 1999; Visser et al., 2000) . This could be tested by looking for overlaps between the transgene loci and the rye chromosome arm present in Federal, which carries a 1RS (Secale cereale) chromosome arm substitution for the 1BS wheat chromosome arm (1B l /1R s ).
Transcript localization within the nucleus
In our experiments, the main RNA signal in the nucleus was always restricted to the close vicinity of the locus. Dirks et al. (Dirks et al., 1995) looked at transgene loci and reported RNA tracks at the site of transcription of two highly spliced viral sequences and elongated dots at the site of transcription of the luciferase-encoding gene with an artificial intron. For one of the viral sequences and the luciferase-encoding gene, they also saw halo-like signal distribution around the main RNA signal radiating towards the nuclear periphery. Xing et al. (Xing et al., 1993) frequently found the RNA encoding the fibronectin gene in tracks emanating from the gene, whereas the transcript of the neurotensin-encoding gene was seen as a focus overlapping the gene. Both groups suggest that the shape of the RNA signal at the transcription site depends largely on how much the premRNA is processed (i.e. on the number of introns that have to be removed). This view is supported by the fact that splicing factors (for a review, see Spector, 1996) and polyadenylated transcripts (Xing et al., 1993; Dirks et al., 1997) have been detected at the site of transcription. It has been shown that polyadenylation and transcription are coupled via the Cterminal domain (CTD) of the large subunit of RNA polymerase II, which forms a functional complex on the pre-mRNA with polyadenylation factors to catalyse endonucleolytic cleavage (for a review, see Hirose and Manley, 2000) . HMW-glutenin-encoding genes have no introns and so are likely to leave the site of transcription soon after they have been released from the RNA-polymerase complex. Therefore, only relatively small pools of transcript are detected around the locus (red areas in the insets of Fig. 9 ), whereas most of the signal localizes with the locus as nascent transcript.
PTGS in wheat endosperm
So far, mainly biochemical techniques have been used to study PTGS. In this report, we have used in situ hybridization to show PTGS at the cellular level. From the start of expression until cell death, HMW-glutenin transcript was detected by FISH on top of the transgene locus. The fluorescence in the cytoplasm was strong at the beginning of HMW-subunit expression and had disappeared almost completely in line E by 14 dpa, whereas it remained strong in the wild type. At the biochemical level, PTGS was confirmed by the detection of siRNAs. The siRNA lengths seen in wheat endosperm correspond to the lengths of the long (25 nt) and short (21-22 nt) siRNAs reported by Hamilton et al. (Hamilton et al., 2002) for transgene silencing in Nicotiana benthamiana. Recently, Tang et al. (Tang et al., 2003) showed Dicer activity in wheatgerm extracts, which are essentially cytoplasm, and found a similar distribution of both RNA classes to ours when doublestranded RNA was digested into double-stranded siRNA. PTGS can be caused by highly transcribed transgenes or by an inverted transgene repeat, in both cases leading to the production of a double-stranded transcript that is a substrate for Dicer and causes silencing (Fagard and Vaucheret, 2000; Ketting et al., 2001; Béclin et al., 2002) . We tested the presence of an inverted repeat in line E using single PCR primers at several positions in and around the coding sequences but the results were negative (data not shown). In Arabidopsis, sequences for four Dicer-like genes have been found, two with a nuclear targeting signal and two that are probably cytoplasmic . Although we have shown that the mostly nascent transcript at the locus remains throughout the life of the nucleus, the method used was not sensitive enough to detect single RNA molecules on their way Nuclei with detectable loci in endosperm sections of line E at 9 dpa were randomly selected and scored for the presence of nascent transcript. The proportions are averages over five experiments. For each experiment, three isolated endosperms were pooled for 7-day-old seeds and two for 9-and 16-day-old seeds.
*These nuclei have endoreplicated. For seeds at 16 dpa, this peak was always at 12C but at 7 dpa and 9 dpa, an additional peak appeared with a C value between 6C and 12C. through the nucleus. It is most likely that the transcript is digested by a Dicer-like enzyme in the cytoplasm, as shown by Tang et al. (Tang et al., 2003) , but we cannot exclude the possibility that a proportion is cleaved in the nucleus after it has left the proximity of the locus. Hamilton et al. (Hamilton et al., 2002) propose that the longer siRNAs could mediate nucleotide-specific methylation of DNA and thus transcriptional silencing. In the two generations of line E that were analysed, we did not find any perceptible decrease in transcriptionally active parts of the locus. Our own unpublished data also show no changes in cytosine methylation levels in the transgenes in leaves and endosperm, whether before or shortly after the onset of expression, or after the onset of PTGS.
In summary, we have followed the onset and spread of PTGS by tracking the disappearance of cytoplasmic but not nuclear mRNA and supported our findings with the biochemical detection of small siRNAs. It is clear from our results that, even after a sustained period of PTGS, there is no consequent transcriptional silencing in this system. In the future, it will be interesting to correlate the transcription-related changes in higher chromatin order seen in the transgene locus with possible changes in DNA methylation state and histone modifications (Mathieu et al., 2003; Chambeyron and Bickmore, 2004) .
